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—x~L
= A e  ~ + 3 e  ~

where I = VD~~ = the diffusion length for holes in the base and. A . 
V

and 3 are constants which must be determined by the boundary conditions

at the emitter and collector edges of the base, x = 0 arid x

respectively . These boundary values are designated as

p( 0) = F
~ 

and r(w) . (2.3)

Thus A an-I 3 become
-v/I

— 
F0 ~ n — ~~~~~~~~ 

e
w/L

D pe — e

and
w/L

(Fe _ P ) 
V

C ~~ 
— (F 0 —3 =
—w/L

0e — e

The hole current entering the base region J (O) and the hole current

exiting the base regicn J (w) can now be determined from Eq. 2.1,

in terms of the hole concentration boundary values , as

J ( o ) = ~~~~ [(F — p )  coth -~- — (F
0 — p )  csch (2.~4)

- 
- and.

— 

- 

,I (v ) = T~ [~~
‘e — csch L. — (F0 — p )  cot~i

(2.5)

To complete the descrIption of the transistor currents the majority

carrier electron currents at the emitter and collector edges of their

‘- V- V.— - —

- — - - - 
~~~~~~~~ 

— 
— _ r i  - - ,,_. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~
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respective depletIon layers are added to the hoi~ currents to form

the emitter and collector terminal currents , defined as positive

into the terminals,

= 

~~~ 
W

e
) + J~

(_ w )  (2.6)

and

= — 3 (w ) — J (w . (2.7)c p c  m c

The standard minority carrier boundary condition for the

~uncticm transistor first introduced by Shockley is

F = 

~n 
e
hI
~~~T , (2.8)

where 1.. is the applied voltage that appears across the junctior.

depletion layer , emitter—base or collectc- r— base, and is the

thermal voltage kT/q. Application of thi s particular form of the

minority carrier boundary condition to transistors with the emitter—

base junction forward biased such that Fe 
>> 

~n’ 
the collector—base

junction reverse biased such that F0 << p
~
, and. with base widths

greater than several Debye lengths yields a satisfactory description

of transistor action. That is, a small majority carrier current in

the base controls a much larger injected current into the s~~ e

region. If the trans~ort cf minority carrIer current through the

base is eff Icient then there exists the possibility of a power gain

- mechanism.

2.2.2 Narrow Base Width ConsIderations and the Punch—Through

Transistor. The standard. solution for currents in the act ive region

of a. diffusIon trs~aistor was ~reserited in the previous section.

- t  

_ _ _ _ _
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:~ this section a soiuticr. under narrow base width conditions Is
considered.. Specifically , the standard. solution is modified to

account f-cr the punch—through limit, w -
~~ 0.

A problem arises when the standard boundary condition , Eq. 2.8,

is applied to the collector—base 3unction under the additional

conditions of normal biasing, > 0 and exp (VcB~
’VT) << 1, and a

very small base width , v/I << I. The expressions for the exiting and.

entering hole currents in the base region [0,w] now become

q D F  —
0 e 

+ 

~ i~—~:i 
(2.9)

and

qD F  L
J (0) 

p e ~ +
p 1 ‘~~ 01

qDw
J (w) + F , (2.10)

2L2 e
p

where the standard small argument expansions for the hyperbolic

functions have been employed. and the emitter—base junction boundary

- condition has been kept in its general form. :t appears that both

currents can be made arbitrarily large by a simple reduction of the

base width v. Of course this is not physically possible as the

emitter—base junction can only supply a fInite amount of current,

the ultimate magnitude of which is d.etermined by the junction doping

profile and its level of forward bias .

- The requirement that the hole concentration at the base edge

of the collector—base depletion layer be less than the thermal

equilibrium concentration, Independent of the hole current density,r
S

-- .~~~- ~~~~~~~---~~- - - - ~V - ~~~~~~~~~~~ ~~~~~~~~~~~~ ~~ _—~~ 
_ , - ~~~--—~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



is disconcerting at best . For typical base doping densities the

hole thermal equilibr ium concentrat ion is approximately

l0~ to 106 holes/cm 3 in Si. Thus the standard. reverse—biased p—n

junction boundary condition , Eq. 2.8, would lead to absurdly

lou minority carrier concentrations which could never support the

transport transition from di f fus ion to drift current that holes

must undergo in traversing the field—free base region to the

high—field collector—base depletion region . Matz 18 was ap~arently

the first to consider this difficulty in detail and was able to solve

for the minority carrier concentration at the collector edge.

of the base region by considering a two—carrier model and by using

the condition that the longitudinal majority carrier current at the

depletion—layer edge is zero . Kirk,19 in his study -~f the

base—push—out effect on minority carrier transit time, required that

the minority carrier charge -density at the depletion—layer edge be

equal to the d.c collector current density divided by the scattering—

limited drift velocity.  Middlebrook 20 studied the effects of Kirk’s

current—dependent collector boundary cond.iticn on the behavIor of the

d.c collector current and the d.c common emitter current gain. None of

these authors, however , considered the combined effects of a

substantial minority carrier concentration at the base edge of the

collector—base depletion layer and am extremely narrow base wIdth.

The following empirical fo rmula is suggested as a replacement

for the standard. collector edge boundary condition

F = Kp
5[J. 

— exp (—  + p~ exp (v CB/vT ) ~ (2.11)

- - -~~~~ - -  ~~~~~~--  - - -- ~~~ —-~~~~~~~ 
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where r = J ( w ) / ~ v , the hole concentration that would be needed to

account for a pure saturated drif t  current of magnitude J (w), with

v5 the saturated drift velocity (v~ 
= ~~~ cm/s in Si) and. K

a. dimensionless constant equal to the ratio of the actual hole

concentration at the base edge of the collector—base depletion layer

to the saturated drift hole concentration p
~
. A numerical

solution for a single—carrier model of drift and. diffus ion current

flow in a depleted region near a zero f~e1d inj ection pcint is given

later in this chapter . From this Single—carrier solution a lower

bound on K for a two—carrier device can be determined , but it is

sufficient for now to simply acknowledge the fact that for base

donor concentrat ions less than 5 x 1016 in Si the value of K is

greater than five. Note that the new boundary condition , E~ . 2.11,

is a smooth transit ion from the standard boundary conditions , whico

is valid cnly for low collector—base bias and ext r emely low collector—

current densities , to a new boundary value which is valid for any

bias Level and current density in the normal region of transistor

operation. In particular, for normal biasing,  exp (hI cBV
V
Vr) << 1,

and. current densities such that o , Eq. 2.11 simnli fies

to

F = Kp . (2.12)
0

With this simplif ication the hole current dens ity at x = w for the

- narrow—base condition w << I can be solved for in closed form as
p

qDF
J (w) ~ e (2 -V

~3)
p 

. . —
V i + 

__ a

V 

- 
~~~~~~~~ 

-
~~~~~~~~~

—
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In these fo ur equations and throughout the remainder of this

work all s~~ bols which represent currents, voltages , electric fields

and. particle ccncentrations will be understood to be in phascr

notation unless they possess a zero subscript which will indicate

unperturbed d.c values .

3.2 Small—Signal Transistor Models

3.2 . 1  Common—Base i—Parameter Intrinsic Diffusion Transistor

Model. To establisn a co~~on notation arid a basis for the device

models of this chapter , the theorj of the one—dimensional co on—base

y—par~~eter ~od.el
31 for the intrinsic -diffusion transistor is outlined

in this section.

The differential equation governing the distribution of the

small—signal hole concentration in the f ie ld—free  base region of the

+ + - . - - -Vp n: trans:stor structure ol rig. can be leravea . .rom aqs . 3._

and 3. 4 in a mariner s imilar tc the derivation of the Ic equation

(Eq. 2.2) and can be expressed as

— -~~- - ~~~~ = a (
~ 5)dx  -

~~~

where is the complex iiffusior, lengt h

I
= 

p

p

p

Completely analogous to the Ic solutIon of the transIstor the

solutions to Eq. 3.5 can be used to express the small—signal

hole current de nsity at the emitter and. collector edges of the bas e

region as (c.f. , do Eqs . 2.3 and. 2.5)

- - —- -- 
— 

- — 
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~~ 
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aD w Wi
= 

~~~ ~~e coth — f csch (3.~~)p p

and

qD r w Wi
J w )  = T~ j

~
’
e

05Ch ~* 
— ccth ( 3 . 7 )

where the hole concentration boundary ral~ es and f .. are the small—

signal counterparts to the d.c values F and F and can be expressed

as firat—o rder perturbat ions t f  these same io values; that is ,

C
3V BJ~

. 7 b ’ (3.8)
~EEC

an-I

(3 .9)0 3 
-
_

~~~~~~~~ 

C

~~ C3O

where and T
cb’ are the small—signal phasor voltages across the

emitter—base and the collector—base juncoior.s, respecti-rely .

If the Early effect 32 is present , i.e., the position w of the

collector edge of the base region is a function of the collector—base

bias , then w = w + w and*
o ac

V.
’ 

1
CE

~
V

~~
Q 

- 

CB LICBOJ 
V

b
!

(3.10)

* Appendix A co ntains a detailed derivation of the Early effect
-correct ion , Eq. 3.10.
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The total small—signal emitter current density must contain

a term due to electrons (base region maJorIty carriers ) that are

inJected from the base into the emitter . This contribution

can be derived from an expansion of d.c Eq. 2.17 and in phasor

:1 space is given by

qD 3F
w )  = -

~~~~~~~ ~~~~~~~~~ 

v ,, , (3.11)
n ~B

where is the -complex diffusion lengt h of electrons in the emitter

region.

Thus for no recombination in the emitter—base junction space—

charge region the y—nar a~ eter form for  the emitter current ensity

is

— I
— ~~~~~ / + Q ~~e n ~ p

= y v . +y  v11 cc ’ 12 cb’

where

‘D 
____ + 

~~~~~~ 

coth —~~
. ( 3 . 1 2)

arid

q.D 3F w

~ l2 
— 

v ~~S~~h (3.13)
V CEO

with it being understood that (aF /
~
vCB )l v is replaced by

CBO

~ ~f the Early effect is present . At w
- 

~~~ CEO
the y—p ar smeter form of the collector current density is

J = — J ( w ) = Y21 7eb1 +

~~~~~_ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —V - - -  - —— V ~V . - V  ~~~~~~~~~~~~~~~~~~~~~
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where

qD 3F~~ w
— -P 

~~~ 
csch (3.14)

~~~ 
p

and

qD ~F- —s. c 
~~~~~~~ (

~ 15 ~~
L~~~3V 

‘~~~~~L* -V. . — )

P C B V
C~O 

p

Again, ((3F V 3V 
B ’ 1 7 ) ‘  would replace (~ F /3V~ )I-- in thec C CEO ~~

presence of the Early effect .

A “good” d.c transistor is normally defined as -one for which

w 1 .  < <  I and the “low—frequency ” range of transistor operation

is the frequency region f << f where f D / 1-v2. The small
a a p o

arg~~ent (~ w /L*~ << ) expansions for the hyperbolic functions

which are valid for a “good” ic transistor in its “low—frequen cy ”

range are

w L * i ~ w
coth~~~

and —

w 1* 1’~csch ~~~~~~ 

L H
The y—par ameters for this case can be approximated as

y 11 g + g + j wC , (3 .16 )

~I2 
+ J~ 

~~~~]_ 1  
, (3.17)

~21 
- €e {~ 

+ 

~~~~~~~~~~~~~~ 

(3.18)

and

7 g + j wC , (3.19~
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where we have defined

qD 3F

T~ 3V~~~v 
(3.20)

- qD 3F
g • , (3.21)

‘o 3 E B V EBO

= _2_
2D

a P

2t
C 5 g , (3 .23 )

aD 3F
(3 . 24 )

0 L. B V ,
~BO

and

-

~~~~~~ 

g - (3.25)

:~ the y—parameter approximations , Eqs . 3.16 through 3.19, it has

also beer. assumed tr.at the emitter  is very heavily doped such that

1* 1 and. that terms of the order (w /L~ )
2 
can be neglected. in

comparison witn unity.

With the definitions of the circuit parameters, Eqs. 3.20

through 3.25, the y—paramecer small—signal model can be configured.

as shown in Fig. 3.1. The base transport factor 
~~~~ 

in Fig . 3.1

Is defined as the ratio ~f y to the minority carrier portion of

that is ,

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _
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e
--VI —‘i

+ J J I +

Veb’ gn 

- 

~e 

T~~~~ i~
vc~ 

‘b’ 

_ _ _ _ _ _  

Vc~

FIG. 3.1 SMALL-SIGNAL CO1’~4ON-BASE EQUIVALENT CIRCUIT FOR AN

NTR INSIC DI~ ’FUSION TRANSISTOR. g + g +

iWC es~ 
y12 —g AND y22 g + j c~C 5 )
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a
l + jf/f~

where

1
a0

~~~~~~ 
2.’

2~~~~
J -

Phys ically , the base time constant r
3 

and thus the capacitances

and C c5 and the cutoff frequency -a are due cc minority carrier

storage in the base region and the magnitude of the Ic base

transport factor a0 
is less than unity because of carrIer recom—

bir.ation within  the base region.

3.2.2 Narrow Ease—Width Consilerations. As the limiting

value of zero base width is approached the elements of the small—

signal model shown in Fig. 3.1 suffer the same fate as the -Ic

emitter arid collector currents of Eqs. 2.10 and. 2.9; they grow

without bound . Again this is not a physical result arid. again the

fault lies in the assumption of a p-ore voltage dependency for the

collector edge base region minority carrier boundary condition.

If a voltage and current dependent boundary condition is assumed

for the hole conce ntration at :c = w , i .e . , Eq. 2.11

L F0 = F0 VCBO , (w ) J ,

~~~~ ~~~~~~ V - V V  - -  ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ Z - 
-~~ — - -
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the n 4

3F 3F
= + 

3j  ( )  J ( w ) . (3.26)
C B V ~ p ’ J ( w )

~BO ~ 0 0

Substituting this bcundary value into Eq. 3.7 and solving for J(w )

yields

q.D I3F w 3F w
___ 0 ___csch — coth

~~~~ ‘BO 
p C B V ,0 p

= 
qD~ 3F w . ( 3 . 27 )

~ + 4 3 J  ( )  cocn c-~
P p .i (v) P

~ 0 0

Similarly, when the new value for f0 is substituted. into the hole—

emitte r  current density expression Eq. 3.6, we obtain, in conjunction

with Eq. 3.27,

~~~ 
3F~ + 

~~~~~~~ aF 
tank

~~ ~w)

S (0) = 
aBO ~ p 

~~~~~~~~~~~~~~~~~~ 
P

p aenom

qD 3F~~ w 
-V 0

av ~~~~~
p CB 1 V1.,~~ p

-— (3 . 2 8’
denom ‘

where d.encm is the iencminator of Eq. 3.27. The new values -of the

7—parameters are immediately obvious from Eqs . 3.27 and 3.2~ ; namely ,

qD 3F w
C ~~~~~~~ 0 0

— - L* ~J (w)~ 
..ar.b.

~~~~~ - 
P . P f~.T ( w )

7 __a ri + 
-V t o o

11 L 3V - 

~. d.enomn
(3 .29 )

* Appendix A also contains a discussion ~f the evaluation of
3F /3J (w) when a current—dependent Early effect is present .

_______ - - - -- - - - - ______



~~~~~~~~--V~~~~~~~~~~~--.--- -~~~--—-V-- ~~~— - V - V -

—C u—

I
y (~ ~o)
12 denom -

~~2 1

~~2 1 denom (3.31 )

arid

~ 22

~22 denom (3 .32 )

where y .°. signifies a previously -defined value for the y—~ arameter

7ij ’ Eas .  3.16 through 3.19, arid y~~~ signifies the hole current

portion of Eq. 3.16.

The simplest case which allows the analytical evaluation of

Ecs. 3.29 through 3.32 and the only one which will be discussed

in detail in this study is the coincidence of standard bias, 
-

exp (7~~~~ j~ ) << 1, and a level of triJection for which p 5 > >  p

but moderat e enough such that the current dependent Early effect

can be neglected . For this case, reference Eq. 2.12 ,

3 (w) j  (w )
p0 0

Thus for a “good” -Ic t ransisto r in its “low—frequency ” region

d.enom 1 + 
~~~~ Li + 

~~ 

(3 .33)

which in the limit of very smaLl base widths is the same term

present in the denomi nator of the expression for the d.c collector

current density Eq . 2.13.

The only circuit element s in FIg. 3.1 whIch muSt be redef ined

such that the equivalent circuit is valid. for all values of base

L ~dd.th are the j unct ion conductances and~ g~ ; that is ,

_____ _______
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denom (3 .34 )

and.

(3.35)

Ncu as w — 0 the elements and therefore the circuit currents do

not grow in magnitude without bound arid therefore the punch—through

state , s imilar to the d.c analysis , can be thought of as s imrly

the l imi t ing  state , w = 0.

3. 2 . 3  ~~~ Comtlete Small—Signal Mo del. The small—signal

circuit mo-del of Fig. 3.1 is not a complete equivalent ciroult

ncd.el since it represents only the flow of carrier currents within

the one—dimensional intrinsic or base—emitter region of the t ransis tor .

The terminal emitter c oo-rent can be fully accounted for by adding

a shunt emitter—base Junction depletion—layer caracitance Ce across

(transit—tine effects of carriers crossing the relatively

narrow emitter—base Junct ion depletion layer are ignored) .  The

base terminal , the two—dimensional circuit contribution, can be

represented to first order by adding a base lead series resistance

rb from the base terminal to the one—dimensional base position

b’ between the emitter and the collector. Finally, the total

collector terminal current can be computed as follows :

From Eq. 3.2 the total -or terminal collector current density which

is independent of position can be defined. as

— J~ (x )  — ,~~~~ E , w
0 

x

e — - 
— 

~~~~ ~~~~ ~~~
-
~
- -

~~ 
—-

~~~~~~- — 
~~~~~~~~~~~ 

-
~~~~~~ 

—
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where the minus signs are due to the fact that the collector current

is defined as positive into the collector. We integrate this equation

over the collector—base depletion layer, x = w to x = w + w ,

and obtain

Jo = - 
~~~ 

j
p ~~ 

+ J~
C O v b , (3.36 )

where C is the co1ie~tor—base depletion—layer capacitance ~Iw and

w + w

~cb’ 
c E~~~

Since the minority carrier current density at the collector edge

trie base region J ~ (w 0 ) is also the initial or the in~ecoed

particle current density for the collector—base deolet ion layer ,

the transit—time effects of holes crossing the relatively wide

collector—base space—charge layer are all contained in the integral

in Eq . 3.36 and can be expressed in a single term cr transit—time

fac’tcr I’. hat is,

= — i ( w ) r  +

where

rV +W J
- 1 i o  c ~L Iw j J~~w )

C P 0
0

The complete small—signal equivalent circuit can now be depicted
-

V 
as shown in Fig. 3.2.

One co~~~r. approximation33 for the. transit—time factor r is

derIved by neglecting diffusion entirely arid assuming that all the

oarriers In the depletion region drift at theIr saturated velocity v~ .

- - — 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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The current ierisity J can then be expressed as the rpace—~charge

current wave

J = J - ~w ) ep p c

and thus ~ becomes

= 
s~ n e 

+ 
~ 

cos e — 1 
, (3.37 )

the saturated -drift approximation for :, where ~ is the t rans i t  angle

~~~~~~~~~ This estimate for F predicts ~ua 1itatiYe t r ans i t—t ine

effects  fairly well but its derivation ob~rlously underestimates one

actua carrier transit t i e  since the carriers that are - inJ ected

fr om tne base regi or. enter the detietion layer at velocities well

below the saturated value . A bet ter  approximation of the ~ fo r a

tw c—t e r :na ~~~~~~ 0021e ~ 3 g:-V:en :r.

3 . 3  Small—Signa . ~nalysis of Pu nch — Th ro u gh Transi s tors

V 
W’r.en one l lnioing ‘ralle of zero base wi dt~i w

0 ~ is approached ,

tne i:f~’usi-o i transi stor no :el of Fig. 3 .2 evolves into the smao.i—

s:gna. model of tne punc h—t hrough orar .sistor. Several circuit

s impl lficat i ;ns  occur : A: puncn :hro~ gh :ne base region volume in

wh ich  carr ier  :eccmbina:ion ta.kes place shrinks to zero arid therefore

the base region ic transport factor  becomes unity (~~ = 1) .

The same --:lume was the mincrity carrier storage region thus

f and. the carrier storage capacitanc e C becomes negligible .

Once Into tunch through, the defined base width is zer o for all

— levels of punch—through bias , arid the magnitude of V

the voltage dependent Early e f f ec t  term 
~
w/
~
V
c3 

is :ero by detiniticn.

4-
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Thus the feedback and output aämittar.ce terms also disappear from

the model. One last simplification can be realized if the

relationshIp between the emitter electron and. hole conductanc e

t erms g and. is explored . From Eqs . 3.20 , 3.21, 3 .33  and

we have in the punch—through state

D ~F

= = 
~~~~~ñJ

TEBo .

K 3V~~~ .

~~EBO

But from Ecs. 2.19 and 2.20 for  all but extremely high evels of

in jec t ion

F 3F F
_____ no e eo

-
~~~-— aria 3VE3~..

and toe conductance ratio reduces to

g
( 3 . 3 5 )

e nec

the ratio of dc electron an-i o d e  emitter currents. This ratio ,

defined as ~~~, can alsc be expressed in terms of the ncre ocmncn

dc emitter efficiency , y = J
0
/J~0, 

as ~ = (1 — y )/y . The

complete small—signal equivalent circuit for the punch—through

transIstor, with these sinpli fioaticns , is shown in Fig. 3.3.

One important high—frequency par~~eter for any t r ans i s to r

j structur c Is the base—resistance collector—base capacitance time V

constant3
~ rbCC

. A gcod estimate for the small—signal value of the

base resistance rb 
for no emitte r crowding is to assume it to be

I 
__________
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equal to its ic value 25 P..., Eq. 2.30. The low—level iriJectior.

rbC time constant for  the configuration - of Fig. 1.2 can then be 
V

expressed as

____________ 1
2

r b C
c 

= /s/(2
~
VT~

N
d
) 

~~~~ 
(3 .39 )

It is obvious in Eq. 3.39 that in order to minimize r
b

C
C 
both

and w should be maximized. The maximum value of the product -of

:~~. and w is limited by toe onset of avalanche mult iplication at the

collector end of the cdllectcr—base space—charge region. That is ,

it mus t be true that

where is the ava ar.cne critical field intensity (approximately

equal to 3 x l~~ 7/cm for htle~ in 3i). A runco—througo t r ans i s to r

co ns t ru c ted  such onat the c r i tic a l  fi e li  is nearly reacoe-i at i ts

do :teratin~ pcin: will be ter me i a ic maximum :cwer structure a::i the

r. C time c-onst ant s f;r onree of these ievi~es are zl:::ei in

::g. .. as a fV ~~riVOO::O c: emotoe r str:;e w:Ito. As -ca n ze

~~~ ;a~~.es o _ es s -a- a ~~se— ’:-: .a— eas ~~~~ce :o- a~~e

for a wile range of base icrings an-: r ea sona b le emi t te r  wi~ tns.

The normalIzed rea l parts of the ocmzcn—eni:ter output

impedances for  several IC maximum power structures are soown in

Fig. 3 .5  for F an-i one :art icular base f lying impedance

(a resisti re match at low frequencies). A: very low frequencies

the principal contribution to the output resis tances come s from the

space—charge resistances of the collector—base depletion layers .36

L At higher frequencies the depletion—layer t ransi t—time effects are

_ _

_ _ _ _  
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clearly evi-ier.t with toe first u p  in R . occurring at a transit

angle ~ of approximately 3ir/2 . An enlarged plot near the

frequency of this transit angle for the 5—~m device (w 0 base width )

is shown in the insert to the figure . For larger values of base

V 
drive resistances R g~ the device output resistance cars actually 

-

become negat ive for frequenc ies near the 3~/2 transit angle value,

and If the base connection is ~ F open circuited the three—terminal

d.c punch—through t ransistor  can appear as a two—terminal negative

resistance B~~ITT diode. As mentioned in Chapter 1, the presence

of Ic electrons (base region major i ty  carriers ) at the

in~ ec:i:n point would tend to suppress the deleterious self—

Limiting effects of the space charge of the injected holes.

Thus the device should be capable of larger ir.~ection levels and

therefore Larger cuttut ~F power levels compare-I to the two—terminal

3A.~I~~ diode :cur.:erraro.

The unilateral gain TJ of an amplifying device is the maximum

available gain of the structure after all internal feedback has been

neutralized . It is the most indicative parameter of potential

usefulness for  an active device as it is independent

of device orIentation (oo on base , e t c .) .  The unilateral gain as

a function of frequency for the model of Fig. 3 . 3  can be expressed.

as 3

k12
2i~r C

8
~

fr
b
C m (~~) + 

1 + 
~~~~~~~e

0
e)2}

where r~ 
= Eg~ (i + ~)~~

1 and ~ is the co on—base current gain

. 1  
_ _ _

--

_______________________ - - - 
- 

- - - -- 
-- 

. 
— ~~~~~~~ ~~~~~~~~~ 



r - -  - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - --

- ______________
—

e ‘
~ e

Calculated unilateral gains for two d.c maximum power punch—through

transistors are shown in Fig. 3.6. 3oth structures show usable gain

up to and past 10 GHz. The calculation of U was halted when a

frequency was reached such that the imaginary part of ~ changed

sign due to t ransi t—time e f fec ts .  At frequencies i~~ ediatei:r

above such a value the possIbility of chip negative resistance exist s

and U no longer has any meaning. This does not indicate that the

devices are unusable at these frequencies , only that stability may

become the -dominant circuit design concern . If the device is

intended to function as an oscillator the presence of  chip negative

resistance may well add to its capabilities .

The experimental results presented in Chapter 1 for the Low—

frequency punch—through device proved that not or.ly can t ransistors

function in the punch—through mode but that they also show improved

performance in this region of operation provided they are in the

correct impedance environment . The theoretical and experimental

results for the punch—through transistor that have been presented

in this study mUst be considered to be preliminary and are far

from exhaustive , but they do indicate the feasibility cf the device.

~~~ Small-Si~~a1 3~~ITT Diode Analysis

3.~~.1 Theory. Since the BARITT is basically an open-base

punch—through transistor a first—crder small—signal model for the

device can be obtained directly from the punch—through transistor

~~de1 of the previous section by simply eliminating the base region
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maJority carrier circuit  elements; n~~ ely r. and 6g. The impedance

of the diode can then be expressed as the series comb ination of a

:‘or~rard—biased junction F and the injection—current—dependent

impedanc e of the back—biased. Junction Z3. That is,

= ZF + Z 3

where

= 
g +

1
j wc (3 .~o)

and

l — r M
= . (3.~ 1)

The complex quantity M is the ratio of the inj ected part ic le  current

to the total di~d.e current, -or in terms of the circui t elements of

the fo~~ar.d—biased region

M = g + J ~ C (3 .~ 2)

This approach, modeling the diode as a fci~ ard—biased region in

series with a reverse—bias ed saturated drift region, was f irst

put forth by Weller 38 in his study of the ~~M structure .

The method is similar to the calc.ulati-on of the small—signal

impedance of a Read—type I~~~ ATT diode published. by Gilden and. ~ines , 39

differing only in the physIcs of the. injection mechanIsm.

Ihe - second—or der small—signa l BARITI’ diode model formulated

in thi s study is ar extension of Weller ’s work , retaining the

simple description of the fci~ ard—biased region but expanding the

treatment of the reverse—biased drift—diffusion regIon by assuming

- . 
the region can be described. as a perturbation of the single—carrier

rnul tisection d.c model presented in Chapter I I .  Recall that in

-— V _ V  
~~~~~
= ~~~~

-V
~~~~~~~~~~

-V - 
- ~~~~~~~~~~~~~~~~~~~~~~~~~
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the ~c solution the low—field portion of the drift—diffusion region

is divided into N one—dimensional lumps, Fig.  2 .3 .  The do minority

carrier concentration within each lump is assumed to be constant

over the extent of the lump , i.e., p~~ = constant, independent

of x. The only additional assumptions , over those utilized in the

dc study, needed to reduce the small—signal equations, Eqs. 3.1

through 3.~- , to an analytically solvable set are the working

hypotheses of constant values for D , v and ~ within each lump .

Since the actual values of the diffusion coefficient D, the dc

drift velocity v, and the small—signal mobility ~ all depend.

on the dc electric field E which is a linear function of
0

position within each lump, the realization of constant

lump values for D , v and ~ requires that theso quantities be re— 
V

defined. After much experimentationthe lump values for 1, v and

that have been chosen for use in this study are the spatial

average values of each lump . That is ,

iV . <V> . = — v ax.
1 ~~. I

~ ‘0

and so on. Simple integration yields

E . E + E
U = ~ I 1 _ _ 1~~ 1 i 

~~~ — 2 .— i E + E E . — E E. + Ei S 3. L— ~ i—i s

r E E + E
5 1 $

V . = V
5 

l — ~~~. ~~~~~E lii 
~~~ . + E

1 i—L 1—1 5

V 
i_

j and
-

- VTV 
~ 

E1 + E l
- D = ., _n ,I E 4 — 

~ 
+ 

~s)

- —
-~~~ —
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wnere

V 

= ( = x.) , x . = i~~ , i N

The resultant error introduced by the use of average values for the

diff usion coeff ic ient , the -Ic dri ft  velocity, and the small—signal

nobility , as with the error resultant from the previous ic analysis

assumption of a constant lump minority carrier concentrat ion ,

is expected to diminish as the number N of I-ow— fiel d  lu~.ced regions

used in the model is increased .

The small—signal equations ,~~~ Eqs . ~.I, 3.3 and 3.~ can now

be combined to form a linear , ccr.stant c o e f fic i e n t , homogeneous ,

ordinary di f fe ren t ia l  equation for the nincrity carrier concentration

p~ wi thin  each lump :

[D . ~~~~~~~~ 
— 

~~~ . — (~ . + ~c ) J r . = , ( 3 . u 3 )

where o .  = is the minori ty  carrier equivalent conduct ivi ty

of each lump i, v . is the constant drift velocity u . < E > ., and

D .  is the constant -diffusion coe ff i c i ent u . -
’
V~~. The secular equation

—

for exp (y :c ) solutions of Ec .  3 . .~3 has roots

= 

~~~ 
~~~~ I~~ + ~~~~~ + j~ c)/c) (3.~~~)

L which implIes a forward and. a reverse space—charge wave within each

L 

lump . Since the values of the parameters under the radical are all

pasitive quantities the space—charge wave associated ~~th the plus sign

in Eq. 3.~~ travels in the negative x—-iirection. The concept of

* 
- 

Recombinati on lifetime for a single—carrier model is in fin ite 
V

by definition .
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holes in effect  diffusing back against a positive directed drif t  flow

is physically unapPealing except in a very small region near the inj ec—

tior~ poi nt x = 0. We therefore neglect this portion of the solution

in each lump ; that is , all injected holes are assumed to be collected

and

0
= p~~ e 1

where is the injected small—signal hole density for the ith lump,

im(y. ’) is always a negative quantity and is the local spatial

variable. Substituting this solution back into the snail—signal

ecuaticr .s and solving for the particle current -density, we obtain

af ter some algebra

J . ( :)  = J
0

. e + II — e - I 

, (3 . 15)
P1 pi 0 . + ~jW E 

~ I

where again the 0 superscript indicates the inj ected or ini t ia l

V value . ~n equivalent circui t for each lump of the l ow—field

region ~f the diode can be developed from Eq. 3.~ 5 in a manner

similar to the derivation of the collector—base depletion—layer

model given In Section 3 .2 . 3 :  The expression for the total current ,

Eq. 3 . 2 , is averaged over the extent of eac h lump ; that is ,

r. j~c
- 3 = J.

~ 7 . ,

t p1 o.~~. — 04 (1 — r~ )
— 

+ j b~E 
— 

+

3 J° .~ . + ‘Lv . , ( 3 . 16)
i t

- 
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